Data have been assembled from the published literature on the water-to-micellar sodium dodecyl sulfate (SDS) partition coefficient data for more than 200 compounds and on the gas-to-micellar SDS partition coefficient data for more than 140 compounds. It is shown that an Abraham solvation equation with only five descriptors can be used to correlate the observed partition coefficient data to within a standard deviation of 0.22 log units. Micellar electrokinetic chromatographic (MEKC) retention factor data measured on a micellar SDS pseudostationary phase was also gathered from the literature. The water-to-micellar SDS partition coefficient and MEKC retention factor data were combined into a single database and correlated with the Abraham model. The derived correlation described the 486 experimental values to within a standard deviation of 0.15 log units. The micellar SDS system has been compared to various liquid phases in terms of solubility of gases and vapors and has been shown to be a very selective systemsmore so than room-temperature ionic liquids.
INTRODUCTION
The contamination of soils, sediments, and groundwater by hazardous organic materials is a widespread environmental concern. Hydrophobic organic contaminants (HOCs) are of particular interest because such compounds are strongly sorbed to soils/sediments, and remediation through desorption is often a very expensive, time-consuming process due to the compounds' low aqueous solubilities. Surfactant enhanced remediation has been suggested as a viable means for removal of adsorbed HOCs from soils and sediments. Published studies have shown that enhanced aqueous solubilization of HOC is achieved in the presence of dissolved surfactants, particularly at surfactant concentrations above their critical micelle concentration (cmc). The enhanced solubilization phenomena observed in aqueous micellar solutions not only is important in desorption of organic pollutants from soils/sediments but also is used in numerous industrial processes, such as protein purification, micellar catalysis, and drug product formulation.
The enhanced solubility is due to the partitioning of the organic solute into the micellar phase. Solute transfer from the bulk aqueous phase to the micellar region is governed by a partition coefficient, which can be mathematically described in either mole fraction concentration units or molar concentrations where the solute concentrations in the corresponding phases are measured near infinite dilution. Sepulveda et al. 1 reviewed several experimental solubility and spectroscopic methods that are used to measure micelle-water partition coefficients. The authors compiled available partition coefficient data for solutes in aqueous micellar sodium dodecyl sulfate (SDS), hexadecyltrimethylammonium bromide (CTAB), dodecyltrimethylammonium bromide (DTAB), and hexadecyltrimethylammonium chloride solutions. Additional data compilations are available for sodium dodecyl sulfate 2 and hexadecylpyridinium chloride 3 micellar solution. Each published correlation contains experimental data for fewer than 200 solutes per surfactant.
To address the scarcity of measured aqueous-micellar partition coefficient data, researchers have turned to predictive methods as a means to generate desired values. Valsaraj and Thibodeaux 4 observed that there was a good correlation between the logarithm of the molar SDS-water partition coefficient log P c,SDS/water , and the logarithm of the 1-octanol/ water partition coefficient, log P OTOH/water whenever aliphatic amides and lactams were excluded. Abraham et al. later reanalyzed all of the partition coefficient data and found where N denotes the number of data points, R is the correlation coefficient, SD refers to the standard deviation, and F is the Fisher F-statistic. Valsaraj and Thibodeaux also developed a bond contribution method as well as a group P x ) mole fraction of solute in micellar phase mole fraction of solute in aquous phase (1) P c ) molarity of solute in micellar phase molarity of solute in aquous phase (2) log P c,SDS/water ) 0.32 + 0.827 log P OTOH/water (3) (N ) 57, R ) 0.9924) log P c,SDS/water ) 0.740 + 0.693 log P OTOH/water (4) (N ) 63, R ) 0.9224, SD ) 0.38, F ) 348) contribution method for estimating the water-SDS partition coefficients. The authors did not provide any indication of the deviations between the observed partition coefficients and calculated values based on the latter two methods. Abraham et al. 2 reported a linear free energy relationship (LFER) based on the mole fraction partition coefficient data of 138 assorted compounds at 298 K. The independent variables in eq 5 are solute descriptors as follows: E is an excess molar refraction, S is the dipolarity/polarizability, A and B°are the hydrogen-bond acidity and basicity, respectively, and V is the McGowan molecular volume. The alternative basicity solute descriptor, B°, was used in eq 5 because the micellar phase contains an appreciable amount water. For most solutes the two Abraham basicity solute descriptors, B and B°, are numerically equivalent. The values differ for only a few solutes, most notably for sulfoxides, anilines, and alkylpyridines.
Bel'skii 5 later applied the Abraham model to describe the distribution of nonionic compounds between the gas phase and sodium dodecyl sulfate micelles, K SDS/gas While the statistics of eq 6 are quite good, the authors used the wrong form of the Abraham model to describe solute transfer from the gas phase. The Abraham model correlation for solute transfer from the gas phase contains the Ldescriptor (L is the logarithm of the solute gas-phase dimensionless Ostwald partition coefficient into hexadecane at 298 K), rather than the McGowan molecular volume descriptor.
In the present study we have re-examined the Abraham model correlation for aqueous-micellar SDS partition coefficients using a much larger database. Through a search of the chemical literature we found experimental P x,SDS/water values for 214 different compounds, which is considerably more than the 138 compounds that Abraham et al. 2 used in deriving eq 5. As part of the present study we have developed a correlation equation for the gas-to-aqueous SDS micellar phase partition coefficient based on the Abraham model LFER expression for gas to condensed phase transfer. The correlation reported by Bel'skii, eq 6, used the form of the Abraham model for describing solute transfer between two condensed phases. While the statistics of the Bel'skii correlation are quite good, it is desirable to have the log K SDS/gas data correlated with the correct form of the model so that we can compare the gas-to-SDS micellar partition process to the many other gas-to-organic solvent partition correlations that have already been derived. Such comparisons can provide valuable information regarding the chemical similarity of different partitioning systems. For example Abraham and Acree 6 previously showed through Principal Component Analysis (PCA) of equation coefficients that room-temperature ionic liquid solvents have the same solubilizing selectivity as the polar organic solvents, such as acetonitrile, N,N-dimethylformamide, N-methylpyrrolidinone, and dimethylsulfoxide. The application of PCA in this manner requires that all considered partitioning processes use the same set of solute descriptors.
Finally we have examined the combination of water-to-SDS micelle partition coefficient data and micellar electrokinetic chromatographic (MEKC) retention data measured on a micellar sodium dodecyl sulfate pseudostationary phase. Several research groups [7] [8] [9] [10] [11] [12] [13] [14] 2 which tabulated the data as log P x,SDS/water values. In several recent studies researchers expressed the solute concentrations in molarity and reported either the molarity-based partition coefficient, P c,SDS/water , or a binding constant K s . The experimental P c,SDS/water and K s data were converted into the mole fraction water-to-SDS partition coefficients using conversion expressions given in Sepulveda et al. 1 The experimental log P x,SDS/water data are listed in Table 1 , along with the literature references from the values were taken.
Bel'skii 5 tabulated the gas-to-aqueous SDS micellar phase partition coefficients, K SDS/gas , of 104 compounds. Many of the compounds listed in Table 1 are not contained in the Bel'skii database. For compounds not in the Bel'skii base we calculated the log K SDS/gas value using eq 7 where V micelle and V aqueous refer to the molar volume of the micellar and aqueous phase, respectively, and K W is the solute's gas-to-water partition coefficient. For consistency we used the same values of V micelle ) 0.25 L/mol and V aqueous ) 0.018 L/mol that were used in generating the Bel'skii database. The gas-to-water partition coefficients needed in the conversion come from our database of log K W values. The experimental gas-to-aqueous SDS micellar partition coefficients of 147 compounds are given in Table 2 .
Micellar electrokinetic chromatography provides a convenient experimental method for determining water-tomicelle partition coefficients. The measured retention factor, k, is directly related to the water-to-micelle partition coefficient and phase ratio, , through eq 8. log K SDS/gas ) log(P x,SDS/water V aqueous /V micelle ) + log K W
k ) P micelle/water (8) The phase ratio is defined as the volume of the micellar pseudo-stationary phase over that of the bulk aqueous phase (V micelle /V aqueous ) and can be calculated from a knowledge of the surfactant's partial specific molar volume, V, the critical micelle concentration, cmc, and the surfactant's molar concentration, C surf . Our search of the chemical literature found 8 sets of experimental SDS micellar MEKC retention factor data. The 259 numerical values are reported in Table S1 (Supporting Information), along with the literature reference to indicate where each set of values was taken. Several solutes are listed multiple times in Table S1 as we felt that it would be inappropriate to average retention factors that were measured under different experimental conditions. Molecular descriptors for all of the compounds considered in the present study are also tabulated in Tables 1, 2 , and S1. The numerical values came from our solute descriptor database, which now contains values for more than 4000 different organic and organometallic compounds. The descriptors were obtained exactly as described before, using various types of experimental data, including water to solvent partitions, gas to solvent partitions, solubility, and chromatographic data. 34 Solute descriptors used in the present study are all based on experimental data. There is also commercial software 35 and several published estimation schemes [36] [37] [38] [39] available for calculating the numerical values of solute descriptors from molecular structural information if one is unable to find the necessary partition, solubility, and/or chromatographic data.
RESULTS AND DISCUSSION
We have assembled in Table 1 values of log P x,SDS/water for 214 solutes covering a reasonably wide range of compound type and descriptor values. Preliminary analysis of the experimental data in accordance with the Abraham model identified propionamide, 1-decanol, pentafluorophenol, heptane, octane, nonane, and decane as outliers. The large deviations noted in the case of the four alkane solutes were expected as Treiner and Manneback 40 had suggested previously that alkane solutes behave differently than other solutes in that alkanes are sorbed by the hydrophobic alkyl chain of the surfactant micelle. There is nothing structurally unusual about the other three solutes to suggest why they should exhibit anything other than normal partition behavior, and a likely reason for why the molecules were identified as outliers is possible experimental error. In an experimental data set containing more than 200 compounds a few outliers are to be expected. The seven compounds were removed from the database, and the final regression was performed to yield the following correlation equation: All regression analyses were performed using SPSS statistical software. The equation coefficients of eq 10 are nearly identical to those of the correlation derived previously by Abraham et al. 2 The coefficients for eq 10 reflect the difference in properties of the SDS micellar phase from those of water. The negative a and b coefficients indicate that the micellar phase is both a weaker hydrogen bond acid and a weaker hydrogen bond base than water as expected. Figure  1 compares the calculated values of log P x,SDS/water based on eq 10 against the observed values.
In order to assess the predictive ability of eq 10 we divided the 207 data points into a training set and a test set by allowing the SPSS software to randomly select half of experimental values. The selected data points became the training set, and the compounds that were left served as the test set. Analysis of the experimental data in the training set gave There is very little difference in the equation coefficients for the full data set and training data set correlations. The training set correlation was then used to predict log P x,SDS/water values for the 103 compounds in the test set. For the predicted and experimental values, we find that SD ) 0.2324, AAE (average absolute error) ) 0.1722 and the AE (average error) ) -0.0019. There is therefore very little bias in the predictions using eq 11 with AE equal to -0.0019. Table 2 contains the 104 gas-to-aqueous SDS micellar partition coefficients, expressed as log K SDS/gas , used by Bel'skii in deriving eq 6 plus numerical values for an additional 39 organic compounds that were calculated from experimental log P x,SDS/water and log K W data through eq 7. Analysis of the experimental data in accordance with the Abraham model yielded the following correlation equation:
Preliminary regression analysis again identified heptane, octane, nonane, decane, and 1-decanol as outliers, and these five solutes were left out of the database used to generate eq 12. The statistics of eq 12 are quite good with a squared correlation coefficient of R 2 ) 0.992 and a standard deviation of SD ) 0.223 for a data set that covers a range of 13 log units. In comparison, eq 6, which uses the V solute descriptor, had a standard deviation of SD ) 0.31. Part, though not all, of the reduced standard deviation for eq 12 is due to the use of the larger database combined with the removal of the four alkane solutes (heptane, octane, nonane, and decane) from the regression analyses. A slightly larger standard deviation of SD ) 0.243 was obtained when the correlation was derived using only the 104 K SDS/gas values in the Bel'skii database. the gas phase is the more appropriate form of the two Abraham LFER equations for correlating K SDS/water data. Figure 2 compares the calculated values of log K SDS/water based on eq 12 against the observed values. To our knowledge, there has been only one attempt to correlate K SDS/water data, and that attempt also involved the Abraham model. 5 Unlike Bel'skii, 5 we used the form of the Abraham model that was developed for solute transfer from the gas phase to a condensed phase. In order to assess the predictive ability of eq 12 we divided the 142 data points into a training set and a test set by allowing the SPSS software to randomly select half of experimental values. The selected data points became the training set, and the compounds that were left served as the test set. Analysis of the experimental data in the training set gave There is very little difference in the equation coefficients for the full data set and training data set correlations. The training set correlation was then used to predict log K SDS/gas values for the 71 compounds in the test set. For the predicted and experimental values, we find that SD ) 0.2534, AAE (average absolute error) ) 0.1893, and the AE (average error) ) -0.0009. There is therefore very little bias in the predictions using eq 13 with AE equal to -0.0009.
Micellar electrokinetic chromatography (MEKC) provides a convenient experimental method for determining waterto-micelle partition coefficients. The measured retention factor determined using a micellar surfactant pseudostationary phase is directly proportional to the partition coefficient. Several published studies have documented that the MEKC retention factor on a micellar SDS pseudostationary phase can be mathematically described by the Abraham model; however, none of the studies combined experimental P x,SDS/water and MEKC retention factors into a single correlation. Our search of the published literature found more than 250 experimental retention factors from eight studies, plus waterto-SDS partition coefficient data for 20 solutes that had been measured by a headspace chromatographic technique. Combined with the experimental log P x,SDS/water data from Table  1 , we were able to build a database of 476 numerical values for regression analyses. To account for differences in experimental conditions, an indicator variable descriptor, I, was introduced for each of the eight chromatographic studies. A ninth indicator descriptor, I Carr , was used for the headspace chromatographic data 33 because the numerical values of the partition coefficients were referenced to a different thermodynamic standard state. Each indicator descriptor was set equal to unity for all experimental values for the given study and set equal to zero otherwise. Analysis of the experimental data in Tables 1 and S1 yielded the following correlation 
The statistics of the eq 14 are quite good for a data set covering 8.65 log units. A graphical comparison of the observed versus calculated values is shown in Figure 3 . Careful examination of eqs 10 and 14 reveals that the SDS micellar solvent equation coefficients (c, e, s, a, b, and V) are virtually identical for both correlations as would be expected if the measured retention factor truly represents solute partitioning from water to the SDS micellar phase. The molecular interactions between the dissolved solute and the SDS micellar phase is the same for both P x,SDS/water and k MEKC data.
The differences in the experimental conditions employed by the different research groups are reflected by the variation in the eight indicator variable coefficients. The numerical values of the eight MEKC coefficients span a fairly narrow range, from -3.073 for I MEKC-Roses coefficient to -3.245 for I MEKC-Wall coefficient. For correlation purposes the eight MEKC coefficients are identical. We analyzed the 486 data points one final time with a single I MEKC indicator variable to represent all of the MEKC retention data. Eq 15 provides a very good correlation of all of the water-to-SDS micellar partition coefficients and MEKC retention data.
Gil-Agustí et al. 41 have compared a number of SDSalcohol systems using an Abraham LFER and indicator variables for the various systems; the stratagem we have followed is exactly the same. Gil-Agustí also compared the Abraham system coefficients for SDS systems with those for various HPLC systems and water-solvent partition coefficients. The system coefficients in all these cases contain information on the partition of solutes between two phases, for example between water and an SDS micelle or between the mobile phase and the stationary phase in an HPLC system. The system coefficients thus encode information on the differential interaction of the solute with the two phases, that is the difference in solute-solvent interactions with each of the phases. However, when an Abraham equation is applied to partition from the gas phase to a given solvent system, the coefficients encode information on the solutesolvent system only. These coefficients for transfer from the gas phase are therefore much easier to interpret, and so we have taken advantage of the large data set we have assembled on gas to SDS transfer, and the consequent eq 12 to compare coefficients with other gas to solvent phase transfers.
The phases and their coefficients are in Table 3 and include a number of room-temperature ionic liquids, RTILs, that we have previously characterized 42 as well as a number of representative organic solvents. 42 The a-and b-coefficients for the SDS phase are quite large and indicate that the interactions of the phase with basic and acidic solutes will be quite large. A useful way of comparing sets of coefficients is to carry out a principal components analysis, PCA, on the coefficients e to l. The five columns of coefficients are transformed into five PCs. In the present case, the first two PCs contain 76% of the total information, so that a plot of the scores of the first two PCs will give an indication of how close are the sets of coefficients. As can be seen from (15) (N ) 486, R 2 ) 0.991, SD ) 0.160, F ) 7765.53) Figure 4 , the SDS system, no. 1, is quite far from organic solvents that are nonpolar or of only medium polarity. The nearest are methanol, no. 27, and ethylene glycol, no. 29, indicating how polar is the SDS system. Perhaps surprisingly, the SDS system is quite close to the RTILs, nos. 2-9, especially nos. 2, 4, 8, and 9. It is difficult to think of any other methodology that could yield such an intriguing result.
The closeness of the SDS system to the RTILs indicates that solvation of gaseous solutes in these various systems is quite similar but does not give precise information as to the selectivity of the systems for various types of solute. A considerable advantage of the present methodology is that it is very easy to calculate gas to solvent partition, as log K values for a large number of solutes. Then for two solutes in a given phase, the selectivity of the phase can be obtained quantitatively as
In Table 4 are given values of R for a number of pairs of solute of about the same size. For benzene and cyclohexane the SDS system is reasonably selective toward benzenes about the same as some of the RTILs but somewhat less than the polar organic phases. For the butylamine and bromobutane solute pair, the SDS system is very selective toward the organic base, much more than the RTILs, and exceeded in selectivity only by the organic solvents that are very polar. The final pair of solutes includes the hydrogen bond acid, butan-1-ol, and the corresponding methyl ether; again, the SDS system shows good selectivity.
We can therefore predict that the SDS system will show as good a selectivity toward aromatic compounds, hydrogen bond bases, and hydrogen bond acids as do the RTILs. Since the SDS system is largely aqueous, it represents a very environmentally useful selective solvent system. The organic solvents that are more selective than the SDS system are all environmentally hazardous, while water, the most selective phase, suffers from poor solubility for the less polar solutes. Table 3 . Points numbered as in Table 3 . The point for water has been left out, as it is well off scale. SDS 9; RTILs O; remaining phases b. 
